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Edited by Maurice MontalAbstract The very ﬁrst member of K+ channels toxins from the
venom of the Iranian scorpion Odonthobuthus doriae (OdK1)
was puriﬁed, sequenced and characterized physiologically.
OdK1 has 29 amino acids, six conserved cysteines and a pI
value of 4.95. Based on multiple sequence alignments, OdK1
was classiﬁed as a-KTx 8.5. The pharmacological eﬀects of
OdK1 were studied on six diﬀerent cloned K+ channels (verte-
brate Kv1.1-Kv1.5 and Shaker IR) expressed in Xenopus laevis
oocytes. Interestingly, OdK1 selectively inhibited the currents
through Kv1.2 channels with an IC50 value of 183 ± 3 nM but
did not aﬀect any of the other channels.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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K+ channels play a critical role in a wide variety of physio-
logical processes, including cell excitability, the regulation of
heart-beating, muscle contraction, neurotransmitter release,
hormonal secretion, signal transduction and cell proliferation
[1]. The speciﬁc roles played by individual K+ channel types
can be elucidated by taking advantage of diﬀerences in volt-
age-dependence, kinetics, and pharmacological speciﬁcity. Ve-
nom puriﬁcation of certain scorpions has led to the isolation of
peptide toxins which are crucial for studying many structural
and functional features of K+ channels. Scorpion toxins that
target K+ channels are compact peptides that typically contain
23–43 amino acid residues and three or four disulﬁde bridges
[2]. Moreover, almost all of these toxins adopt a highly con-
served secondary structure, the cysteine-stabilized a/b scaﬀoldAbbreviations: ESI-Q-TOF MSMS, electrospray ionization hybrid
quadrupole time of ﬂight tandem mass spectrometry; HPLC, high
performance liquid chromatography; KTx, K+ channel toxin; Kv,
voltage-gated K+ channel; TFA, triﬂuoro acetic acid; 4-AP, 4-amino-
pyridine
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doi:10.1016/j.febslet.2006.10.029[3,4]. These toxins have been classiﬁed into four large families
of toxins: a-, b-, c- and j-KTx [2]. A systematic nomenclature
was proposed for a-KTx’s, based on 13 independent sub-fam-
ilies [5], which were later increased to 20 [2,6]. From the venom
of the scarcely studied Iranian scorpion Odonthobuthus doriae,
only one toxin has been isolated thus far, OD1, which targets
Na+ channels [7,8]. Here we describe the very ﬁrst example of a
K+ channel toxin, OdK1 (trivial name abbreviated from the
genus and species ﬁrst letter followed by K relating to K+
channels and the number 1 indicating the ﬁrst K+ channel toxin
from the venom of O. doriae). In this paper, the puriﬁcation,
sequencing and physiological eﬀect of this toxin are described.
OdK1 is a short chain peptide with 29 amino acid residues
including six cysteines. It aﬀects selectively Kv1.2 channels at
nanomolar concentrations, rendering this toxin unique in its
pharmacologic properties.2. Material and methods
2.1. Puriﬁcation and sequence determination of OdK1
High performance liquid chromatography (HPLC) analyses were
performed on a Gilson liquid chromatograph. One milligram of OD
venom was dissolved in 1 ml 1% triﬂuoro acetic acid (TFA), ﬁltered
(Millex-HV, 0.45 lm, Millipore) and separated on a Waters Symmetry
C18 column (4.6 · 250 mm,5 lm) using a linear gradient from 10% to
25% CH3CN with 0.1% TFA in 60 min, followed by a gradient to
50% CH3CN with 0.1% TFA in 5 min with a constant ﬂow rate of
1 ml/min. Peaks were collected manually.
For enzymatic cleavage, the sample was incubated with 1 lg of mod-
iﬁed porcine trypsin (Promega) in 0.2 M NH4CO3 (pH 8) for 18 h at
37 C and subsequently with 50 mM dithiothreitol (DTT) for 2 h at
37 C. Tryptic fragments were separated on a Waters Symmetry C18
column (4.6 · 250 mm,5 lm) using a gradient from 1% to 50% CH3CN
with 0.1% TFA in 40 min (ﬂow rate 1 ml/min). Peaks were collected
manually.
The fraction eluting between 18 and 19 min of the OD venom frac-
tionation, as well as the fractions resulting from the tryptic digest, were
analysed by MALDI-TOF MS on a Reﬂex IV (Bruker daltonics
GmbH). Therefore, 1 ll of the sample solution was mixed with 1 ll
of a saturated solution of a-cyano-4-hydroxycinnamic acid in acetone
on a steel target and air-dried. The instrument was calibrated using a
standard peptide mixture (Bruker daltonics GmbH) and positive ion
spectra were recorded in the reﬂectron mode from m/z 500 to 3500.
For amino acid sequencing 80 ll of the fraction was spotted on a
precycled Biobrene Plus-coated micro TFA ﬁlter and sequenced by
Edman degradation on an automated Procise protein sequencer (Ap-
plied Biosystems). The amino acid sequence of the tryptic peptides
was determined using electrospray ionisation hybrid quadrupole time
of ﬂight tandem mass spectrometry (ESI-Q-TOF MSMS) on a Q-
Tof instrument (Micromass). Therefore, the sample was dried andblished by Elsevier B.V. All rights reserved.
Fig. 2. Sequence alignment of OdK1 with other a-KTx8 subfamily
members: PO1 toxin from the venom of the scorpion Androctonus
mauretanicus; BmPO1 toxin from the venom of Buthus martensi; and
LpII and LpIII from the venom of Leiurus quinquestriatus [15–19]. %I,
the identity score of the peptide compared to OdK1.
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of sample solution was loaded into a Long NanoES spray capillary for
Micromass Q-Tof (Protana Engineering A/S). During MSMS or tan-
dem mass spectrometry, fragment ions are generated from a selected
precursor ion by collision-induced dissociation.
2.2. Sequence comparison analysis and homology modeling
The amino acid sequence of OdK1 was analyzed by BLAST [9]
searches which retrieved a-KTx8 subfamily of peptides with high sim-
ilarity scores. A model for OdK1 was generated by SWISS-MODEL
Protein Modeling Server [10–12] and visualized with MolMol program
[13].
2.3. Electrophysiological experiments
2.3.1. Expression in oocytes. cRNA for Kv 1.1–1.5 and Shaker IR
channels were prepared as previously described [6,14].
Stage-V Xenopus laevis oocytes were harvested by partial ovariec-
tomy under anaesthesia (3-aminobenzoic acid ethyl ester methanesul-
fonate salt, 0.5 g/l, Sigma). The oocytes were defolliculated by
treatment with 2 mg/ml collagenase (Sigma) in Ca2+-free ND-96 solu-
tion. Between 1 and 24 h after defolliculation, oocytes were injected
with 50 nl of cRNA. The oocytes were then incubated in ND-96 solu-
tion (in mM: NaCl 96, KCl 2, CaCl2 1.8, MgCl2 2 and HEPES 5 (pH
7.4), supplemented with 50 mg/ml gentamycin sulphate, Sigma) at
16 C.
2.3.2. Electrophysiological measurements. Two-electrode voltage-
clamp recordings were performed at room temperature using a Gene-
Clamp 500 ampliﬁer (molecular devices) controlled by a pClamp data
acquisition system (molecular devices). Whole-cell currents from oo-
cytes were recorded 1–5 days after injection. Voltage and current elec-
trodes were ﬁlled with 3 M KCl. Resistances of both electrodes were
kept as low as possible (<0.5 MX). Currents were sampled at 500 Hz
and 1 kHz and ﬁltered using a four-pole low-pass Bessel ﬁlter, at 200
and 500 Hz for Kv1.1–Kv1.5 and Shaker IR respectively.3. Results and discussion
3.1. Puriﬁcation and primary structure determination
MALDI-TOF MS of the fraction eluting between 18 and
19 min of the gradient showed a doubly-charged ion at m/z
1591.06 (monoisotopic mass) and a singly-charged ion at m/z
3182.35 (average mass), both corresponding to the same pep-
tide with Mr 3180.12 Da (monoisotopic mass) (Fig. 1).Fig. 1. Puriﬁcation and mass determination of OdK1 from the venom of
dissolved in 1 ml 1% TFA, ﬁltered (Millex-HV, 0.45 lm, Millipore) and sepa
10% to 25% CH3CN with 0.1% TFA in 60 min, followed by a gradient to 50%
The fraction containing OdK1 is indicated by an arrow. (B) MALDI-TOF
gradient showing a doubly-charged ion at m/z 1591.06 (monoisotopic m
corresponding to the same peptide (OdK1) with Mr 3180.12 Da (monoisotoEdman degradation showed the sequence VSCEDCPEHCS-
TQKARAKCDNDKCVCESX. To obtain the full sequence,
the peptide was cleaved using trypsin, which resulted in two
peaks on HPLC with masses of respectively 1564.51 and
1412.55 Da measured on MALDI-TOFMS. The ﬁrst observed
mass corresponded to the sequence VSCEDCPEHCSTQK and
the second toAKCDNDKCVCESV. The latterwas analysed by
ESI-Q-TOF MS MS conﬁrming its sequence. Hence, the
complete sequence of the toxin is VSCEDCPEHCSTQK-
ARAKCDNDKCVCESV (Fig. 2), with a calculated monoiso-
topic mass (containing three disulﬁde bridges) of 3180.25 Da,
which is in agreement with the measured mass.
3.2. Comparative sequence analysis
The amino acid sequence of OdK1 was aligned using
BLAST [9], which retrieved a-KTx’s belonging to subfamily
a-KTx8 [15–18] with high similarity scores. Based on the crite-
ria published by Tytgat et al. [5], OdK1 was classiﬁed as a-
KTx8.5. Therefore, it is reasonable to assume that the peptide
will adopt the well-known cysteine-stabilized a/b scaﬀold and
therefore contains the typical disulﬁde pairing of other a-
KTx subfamilies [3].
3.3. Electrophysiological studies and homology modeling
The biological eﬀect of OdK1 was investigated in Xenopus
laevis oocytes heterologously expressing a single type of Kv-
channels. OdK1 (0.4 lM) reduced K+ currents throughOdonthobuthus doriae. (A) Soluble venom from O. doriae (1 mg) was
rated on a Waters Symmetry C18 column using a linear gradient from
CH3CN with 0.1% TFA in 5 min with a constant ﬂow rate of 1 ml/min.
mass spectrum of the fraction eluting between 18 and 19 min of the
ass) and a singly-charged ion at m/z 3182.35 (average mass), both
pic mass). m/z is mass to charge, r.i. is relative intensity.
Fig. 3. (A) Selected current traces showing the eﬀect of 0.4 lM OdK1 on Kv1.1, Kv1.2 (88% block), Kv1.3, Kv1.4, Kv1.5 and Shaker IR channels.
All channels were ﬁrst activated by depolarizing to 0 mV from a holding potential of 90 mV then clamped back to 50 mV. () marks OdK1
addition compared to control conditions. (B) Concentration-dependence of toxin OdK1. IC50 value was 183 ± 3 nM for Kv1.2 while no eﬀect was
observed on Kv1.1, Kv1.3, Kv1.4, Kv1.5 or Shaker IR channels (data not shown for Kv1.5 and Shaker IR). Dose-response curves are shown as a plot
of the percentage of unblocked current as a function of increasing toxin concentrations. Each point shown is the mean ± SEM for 3–5 experiments.
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Fig. 4. (A) Homology model for OdK1 based on (B) the structure of PO1 (PDB ID: 1acw), showing Lys 18 and Val 25 amino acids in red. The
distance between the a-carbon of Lys 18 and the c-carbons of Val 25 was 5.51 ± 0.3 A˚.
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Kv1.5 or Shaker IR channels. The IC50 value (Fig. 3) was
183 ± 3 nM for Kv1.2. To the best of our knowledge, this is
the ﬁrst time the eﬀects of a member of subfamily a-KTx8 were
tested on a single type of Kv channels in a heterologous sys-
tem, as well as compared on a variety of Kv1-type (Shaker-
type) channels.
While OdK1 selectively blocked Kv1.2 channels in the nM
range, other members of subfamily a-KTx8 namely PO1 and
BmPO1 are known to weakly aﬀect apamin-sensitive channels
in binding studies in rat brain synaptosomes. The K0.5 values
are in the lM and mM range for PO1 and BmPO1 respectively
[15–19]. Furthermore, for the toxins LpII and LpIII, the bio-
logical function remains to be identiﬁed [18]. Taking into
account the high sequence identity between the members of
a-KTx8 known thus far and OdK1, it is reasonable to suggest
further functional testing to identify the target of the other
members of subfamily a-KTx8.
It is interesting to note that OdK1 lacks a classical dyad that
might be responsible for its eﬀect on Kv1.2 channels [20], nev-
ertheless, it contains a Lys residue at position 18 while the aro-
matic counterpart of the typical dyad is indeed absent.
Therefore, we can hypothesize that either Lys 18 is suﬃcient
to govern the block, or, that the aromatic counterpart is being
replaced by one or more hydrophobic residues which still need
to be determined. To further explore this possibility, a model
for the structure of OdK1 (Fig. 4) was generated based on
the structure of PO1 (pdb entry 1acw) and the distances be-
tween Lys 18 and all hydrophobic amino acid residues in
OdK1 were calculated. Only one amino acid, Val 25, was
5.51 ± 0.3 A˚ far from Lys 18 which is a distance partially
overlapping with the proposed dyad distance range
6.6 ± 1.0 A˚.
However, as discussed previously (see revision on the subject
[21]), ‘‘the critical lysine of the functional dyad’’ [20], is absent
in at least six out of twenty members of the a-KTx subfamily,
whereas the ‘‘aromatic/hydrophobic pair’’ is lacking in the
other three members and as previously shown [21] there are
at least three diﬀerent modes in which a-KTxs interact with
K+ channels.
Kv1.2 together with Kv1.1 channels are the predominant K+
channels expressed in the juxtaparanodal region of the myelin-ated axons of the spinal cord [22]. Following disruption of the
myelin sheath, which might occur in diseases such as multiple
sclerosis (MS) or as a result of spinal cord injury, the expres-
sion of Kv1.1 and Kv1.2 channels is increased and the distribu-
tion of these channels rather than being concentrated in the
juxtaparanodal regions, become dispersed along the internodes
[22]. The increased activity of axonal K+ channels results in a
variety of conduction abnormalities which may contribute sig-
niﬁcantly to the loss of neurological function in patients in
spinal cord injury or MS. Accordingly, the nonselective K+
channel blocker 4-aminopyridine (4-AP) has been shown to
improve conduction in demyelinated axons [23]. Alternatively,
selective blockers of Kv1.2 (or 1.1), such as OdK1 or OSK2
[24] may provide improved eﬃcacy or reduced side eﬀects
when compared with 4-AP and may help determine the speciﬁc
role played by Kv1.2 channels in the conduction abnormali-
ties. As such, OdK1 may be a useful toxin for further neuro-
science research.
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